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Our in vivo recordings also illustrate a dichotomy between the ability of the TSP and MSP to support learning in novel and familiar space. The greatly reduced spatial tuning of CA1 pyramidal cells in CA3-TeTX mice on a novel track suggests that information contained in CA3 output is critical for rapid formation of a highquality spatial representation and is consistent with the CFC deficit in a novel context. Further, the unexpectedly higher firing rates in CA3-TeTX mice under novel conditions suggests that in addition to providing spatial information, CA3 output may also help maintain appropriate levels of network excitability during novelty. On the other hand, the reduced deficit of spatial tuning during visits to the same track on days 2 and 3 indicates that the MSP alone can improve CA1 spatial tuning by experience, which is consistent with the reduced CFC deficit in a familiar context (Fig. 3 , I and J) and the normal MWM performance ( Fig. 3 , A to D).
Thus, application of the DICE-K method to CA3 pyramidal cells demonstrates that the MSP (which bypasses CA3) can support slow incre-mental learning in familiar environments but that the CA3 output of the TSP is needed for rapid acquisition of memories in novel environments and for pattern completion-based recall. Current theories hypothesize that dopamine neuronal firing encodes reward prediction errors. Although studies in nonhuman species provide direct support for this theory, functional magnetic resonance imaging (fMRI) studies in humans have focused on brain areas targeted by dopamine neurons [ventral striatum (VStr)] rather than on brainstem dopaminergic nuclei [ventral tegmental area (VTA) and substantia nigra]. We used fMRI tailored to directly image the brainstem. When primary rewards were used in an experiment, the VTA blood oxygen level-dependent (BOLD) response reflected a positive reward prediction error, whereas the VStr encoded positive and negative reward prediction errors. When monetary gains and losses were used, VTA BOLD responses reflected positive reward prediction errors modulated by the probability of winning. We detected no significant VTA BOLD response to nonrewarding events. F unctional magnetic resonance imaging (fMRI) has become a prominent method for imaging brain activity in humans. Commonly used fMRI protocols acquire functional data with a spatial resolution on the order of several millimeters. These protocols are adequate for measuring blood oxygen level-dependent (BOLD) responses from relatively large neural structures such as the cortex and basal ganglia. However, they are not suitable for imaging brain-stem structures that are of long-standing interest to neuroscientists. In particular, the brainstem nuclei of the dopamine, norepinephrine, and serotonin systems have long been known to play a critical role in the regulation of brain function, and disturbances of these systems have been implicated in most major psychiatric disorders. Recent theoretical advances have begun to identify specific functions for these brainstem systems. In particular, the reward prediction error theory of dopamine function (1, 2) proposes a role for this neuromodulator in reinforcement learning. This theory makes specific predictions that have been tested in direct neuronal recordings from brainstem dopaminergic nuclei in nonhuman species. However, imaging studies in humans have been restricted to measurements from projection areas of the dopamine system [such as the ventral striatum (VStr) and medial prefrontal cortex] that are larger and therefore more easily imaged with fMRI. Here, we report the use of a combination of recently developed neuroimaging techniques that address the difficulties inherent to brainstem imaging in order to directly image the VTA.
There are several methodological challenges to imaging brainstem nuclei. First among them is the small size of the nuclei. The VTA is~60 mm 3 in volume (3), or roughly the size of 2 voxels at the resolution common in fMRI studies (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . To address this issue, we acquired high-resolution echo planar images that have been shown to be sufficient to discern individual subcortical nuclei and reduce partial volume effects [e.g. (19, 20) ]. Second, brainstem structures are near large pulsatile blood vessels that create physiological movement artifacts and consequent magnetic field inhomogeneities. We therefore acquired functional data synchronized with the participants' cardiac cycles so that these effects were minimized (21) . Third, image contrasts commonly used for anatomical localization (such as T1weighted images) are poorly suited to brainstem studies because they do not provide contrast between different brainstem nuclei. For the midbrain, several alternate pulse sequences have been shown to produce desired contrast (22, 23) . We used proton-density weighted images to visualize the substantia nigra (SN) and then used the SN as a landmark to locate the VTA (22) ( Fig. 1 ). Finally, it has been shown that the brainstem does not reliably align to standard brain templates used for spatial normalization in the group analysis of data. We used a new normalization algorithm that significantly improves registration of the brainstem across participants (24) .
We used these methods in two experiments modeled on previous nonhuman primate studies (25, 26) and motivated directly by the reward prediction error theory of dopamine function (1, 2) . According to this theory, the firing rate of dopamine neurons directly encodes the difference between expected and received reward. This assumes that inputs to dopaminergic midbrain structures relay both the reward experienced at a given time and the reward expected at that time (27) . Dopamine neurons are thought to calculate the difference between these two inputs to produce a reward prediction error signal (1, 2) . Because the BOLD response is thought to correlate most strongly with synaptic current (28, 29) , and therefore is likely to reflect afferent input, the BOLD response in midbrain dopaminergic structures could reflect several quantities: (i) current reward, (ii) expected reward, or (iii) a sum of the inputs equal to the reward prediction error (30) . We hypothesized that BOLD responses measured in midbrain dopaminergic structures would reflect a reward prediction error. We positioned our slices to incorporate the VTA and as much of the SN (2, 31, 32) and VStr (33-37) as possible (38) .
In our first experiment, we used a classical conditioning procedure known to elicit responses to unpredictable rewards and cues predicting rewards in the nonhuman primate dopamine system (2) . Thirsty human participants were trained to expect a liquid reward at a fixed interval after the display of a visual cue (35, 39, 40) . After training, delivery of the liquid reward was delayed in a subset of trials. This design allowed for investigation of signals related to both positive and negative reward prediction errors. Previous studies indicate that the omission of reward at the expected time generates a negative reward prediction error (1, 25) . Subsequently, when reward is delivered at the untrained, delayed, time, its delivery produces a positive reward prediction error (1, 2, 25 ). We estimated a general linear model (GLM) to look for deviations in the BOLD response at times when positive and negative reward prediction errors were expected (41).
The BOLD response in VTA was significantly related to positive (P < 0.05, two-sample t test corrected for multiple comparisons) but not negative reward prediction error signals (Fig. 2) . The BOLD response in the VStr was significantly related to negative reward prediction error signals (P < 0.05, two-sample t test corrected for multiple comparisons) and also showed a nonsignificant trend toward a relation with positive reward prediction error signals ( Fig. 3) (38) . Post hoc analyses of the mean event-related time courses in the VStr indicated that BOLD responses were significantly enhanced by positive reward prediction errors ( fig. S4 ).
If the BOLD response to positive reward prediction errors in the striatum resulted at least in part from activity in the VTA, then the responses in the two structures should correlate with one another. To test this prediction, we correlated the BOLD response in these two regions after the delivery of delayed, unexpected rewards. VTA and VStr BOLD responses were positively Fig. 3C ), suggesting a functional connection between the two areas (42). We conducted a second experiment to verify that the BOLD response in the VTA encoded positive but not negative reward prediction errors. The experiment was also designed to assess the generality of these signals, by testing whether secondary (monetary) rewards were effective in producing BOLD responses in the VTA. Finally, we tested whether BOLD responses to reward prediction errors scale with reward probability, as predicted by theory. Participants were shown a number and indicated by button-press their guess as to whether a second number would be greater or less than the first number. Both numbers were randomly selected from the range of 0 to 10 and were never equal. Thus, the probability of guessing correctly was greatest when the first number was toward the extremes of the range. The outcome of the trial was displayed after a variable delay; participants won $1 for correct guesses and lost $1 for incorrect guesses. According to reinforcement learning models, the positive reward prediction error signal should decrease with increasing probability of winning (1, 43) . Conversely, negative reward prediction error signals (resulting from losses) should increase in magnitude with the probability of winning (1, 43) .
We estimated a model that included separate regressors for outcomes in which the participant won and lost. For outcomes in which the participant won, we found that BOLD responses in the VTA significantly scaled with the probability of winning (P < 0.05, two-sample t test corrected for multiple comparisons; Fig. 4 ). This replicated the finding from the first experiment that the VTA BOLD response reflects a positive reward prediction error. Though the two experiments used different reward modalities, the VTA regions we identified in both experiments overlapped (Fig. 4C) .
We found no midbrain regions showing BOLD responses that correlated with negative reward prediction errors. In the first experiment, negative reward prediction errors resulted from the omission of an expected reward, whereas in the second experiment they were elicited by the loss of money. Although theory predicts that the dopamine system should report a negative reward prediction error (1, 2) , the underlying physiology of such a response remains unclear. Dopamine neurons have been shown, as predicted, to exhibit phasic decreases in firing for negative reward prediction errors (2) . However, such reductions in dopamine firing rate are subtle (32) and their significance remains controversial (44) . Furthermore, negative reward prediction errors resulting from aversive events (such as losses, as opposed to the omission of a reward) may produce no response at all in dopamine neurons (45, 46) .
Negative reward prediction errors might also have been expected to elicit an increase in activity within the VTA, among a subpop- Fig. 4 . VTA BOLD response to monetary gains and losses. (A) A random effects GLM analysis revealed that the VTA BOLD response was significantly increased for rewarding trial outcomes (gain $1) and was modulated by the probability of winning (n = 21; P < 0.05, two-sample t test corrected for multiple comparisons). The cluster volume is 59 mm 3 . Statistical maps are overlaid on a proton densityweighted image (left) and T1-weighted image (right) in brainstem-normalized space (24) . (B) Plot of contrast estimates for trial outcome. VTA BOLD responses reflected a positive reward prediction error (*P < 0.05, two-sample t test corrected for multiple comparisons). Because no brainstem regions were found to respond to negative reward prediction error signals (trial outcome when participant lost $1), the same voxels shown in (A) were used to generate this contrast estimate. (C) The VTA regions identified in both experiments overlap.
ulation of neurons that are known to respond to aversive stimuli ("tertiary cells") (46, 47) . However, tertiary cells constitute less than 30% of the neurons in the VTA (47) . Therefore, while it is possible that tertiary cells did respond to monetary losses in our second experiment, it is likely that the corresponding positive BOLD response was too small to be resolved with the imaging protocols used. The absence of such BOLD responses suggests that the ones we did observe were sensitive selectively to dopamine-related signals.
We have shown that BOLD responses can be measured in the brainstem at a spatial resolution sufficient for investigating individual nuclei. Our findings are consistent with the reward prediction error theory of dopamine function in the human brain. Not only does this work add precision and accuracy to the study of dopamine function in humans, it also opens the door to the careful study of the role of dopamine in cognition at large (for example, its hypothesized role in updating working memory representations in prefrontal cortex) (48) . It should now be possible to carry out similar investigations of other brainstem nuclei, such as norepinephrine and serotonin, that have been related to human cognition in recent theoretical work (49, 44) .
